The initiation of gene transcription requires the assembly of multiprotein complexes in association with specific DNA sequences. A great deal has been learned recently about the proteins that are required for transcription activation and their relationship with transcription control elements (1). The structures of many individual transcription factors and transcription factor-DNA complexes have been solved using crystallography and nuclear magnetic resonance techniques (2). However, there are few approaches that allow direct analysis of the dynamics of protein complex assembly in solution. Understanding of the rate and specificity of assembly of multicomponent transcription factor complexes is essential for a full appreciation of the mechanisms responsible for the selective regulation of gene expression.
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The fos and jun oncogenes have provided a useful model for the study of transcription factor interactions. Although isolated independently as retroviral transforming genes (3, 4) , they encode proteins that function cooperatively in the form of a heterodimeric complex that binds to DNA and regulates transcription (5) . Protein dimerization is mediated by a coiled-coil interaction involving a parallel association of leucine zipper domains (6) (7) (8) (9) . This interaction juxtaposes basic regions in each protein that form a bimolecular DNA contact surface (7, 8, (10) (11) (12) (13) . This basic region-leucine zipper (bZIP) motif is conserved among all members of the fos and jun gene families and it is shared with many other transcription factors (14) . Dimerization can occur within bZIP families as well as between different groups of bZIP proteins. This multiplicity of interactions results in a complex array of protein dimers that have unique DNA binding properties (15) (16) (17) (18) (19) .
Dimerization and DNA binding by Fos and Jun are dynamic processes that involve structural transitions in both protein and DNA. Circular dichroism analysis indicates that during heterodimer formation the Fos leucine zipper domain adopts an a-helical conformation (9, 20) . Similarly, on binding to DNA, the a-helicity of the Fos and Jun basic regions is increased (20) . These observations are consistent with the recently reported crystal structures of GCN4 bound to DNA (21, 22) . Studies of DNA bending suggest that the DNA conformation is also changed as a consequence of the interaction with Fos and Jun (23, 24 [260] [261] [262] [263] [264] [265] [266] in Jun, were overexpressed in Escherichia coli and purified to >95% homogeneity using nickel chelate affinity chromatography, as described (20, 25, 26) . Electrophoretic gel mobility shift DNA binding assays were performed as described (26 was incubated at room temperature for 2 h and stored overnight at 40C. The sample was centrifuged at 30,000 x g for 30 min and the reaction was terminated by the addition of DTT to 5 mM. The labeled proteins were separated from unreacted fluorophore by two passes over NAP-10 gel filtration columns (Pharmacia) and dialyzed against several changes of 50 mM sodium phosphate, pH 7.5/10%o glycerol/i mM DTT buffer. To determine the stoichiometries of labeling, the concentrations of the labeled proteins were determined by quantitative amino acid analysis and the fluorophore concentrations were determined by absorbance spectrophotometry. A stoichiometry of 1.0 mol of fluorophore per mol of protein was routinely obtained.
Fluorescence Measurements. Fluorescence measurements were made on a Perkin-Elmer MPF-66 fluorescence spectrophotometer. The temperature was maintained at 250C using a thermostatically controlled cell holder. All measurements were performed in 50 mM sodium phosphate (pH 7.5) containing 10%o glycerol, 1 mM DTT, 5 mM MgCl2, 1 mM EDTA, and 50 mM NaCl. The efficiency of energy transfer was calculated from the quenching of fluorescein emission at 530 nm. Rhodamine emission at the fluorescein emission maximum of 530 nm was negligible.
Determination of the Distance Between Fluorophores by
Fluorescence Energy Transfer Analysis. The distance between two fluorophores (R) can be determined from R = Ro(E-1 -1)1/6, where E is the efficiency of nonradiative transfer and Ro = 9786 (K2 n-4 QD J)1/6 A (27) . K2 is a function of the relative orientations of the donor and acceptor fluorophores and the generally used value 2/3 was accepted based on the assumption of random tumbling of the fluorophores (27) . The refractive index of the medium, n, was taken to be 1.4 for proteins in water. The overlap integral J (2.25 x 10-13 cm3 M-1) was calculated from the overlap between the Fos-F emission and Jun-R absorbance spectra (28) . The donor quantum yield QD (0.75) was determined using disodium fluorescein in 0.1 M NaOH as a reference (27) . Using these values, Ro for Fos-F and Jun-R was calculated to be 46 A. The calculations assume that all of the labeled molecules participate in dimerization and DNA binding, consistent with our results from Scatchard analysis.
Determination of the Dimerization Affinity of Fos-Jun by Fluorescence Energy Transfer Analysis. The efficiency of Fos-F quenching by Jun-R is directly related to the number of Fos-F/Jun-R complexes formed. The total fluorescein fluorescence is a function of the concentration and fluorescence of free Fos-F and Fos-F/Jun-R heterodimers. Thus, the concentration of Fos-F/Jun-R heterodimers can be determined as a function of the Jun-R concentration. The concentration of free Jun-R can then be calculated from the known total Jun-R concentration and the Fos-F/Jun-R heterodimer concentration. Scatchard analysis of the data was performed as described (29) .
Determination of the Kinetics of Fos-Jun Assoiation and DNA Binding. The rates of Fos-Jun association and DNA binding were determined using a Perkin-Elmer LS5OB fluorescence spectrophotometer with an SFA-12 stopped-flow sample injector. The initial rates of Fos-F fluorescence quenching and the increase in Jun-R emission were estimated from time drive plots of the fluorescence. The rates of donor quenching and the increase in acceptor emission were determined in separate experiments and gave comparable results.
RESULTS AND DISCUSSION
Previously, we demonstrated that the Jun bZIP region could be labeled with fluorescein at a unique cysteine residue located in the DNA binding domain (20) . The fluorescence of fluorescein-labeled Jun was enhanced by dimerization with Fos and binding to the AP-1 site. To extend these studies, we have now used florescence energy transfer analysis, which is based on the nonradiative transfer ofquanta between donor and acceptor fluorophores, to compare the structures of Fos-Jun heterodimers in the presence and absence of DNA and to quantitate the affinity and kinetics of Fos-Jun interactions. Fluorescence energy transfer analysis is a more specific method for the study of intermolecular interactions than analysis ofthe fluorescence ofa single fluorophore since it requires the close proximity of two fluorophores whose emission and absorption spectra overlap. Fluorescence energy transfer is also a sensitive probe of changes in protein conformation since the efficiency of energy transfer depends on the inverse sixth power of the distance between the fluorophores. The strategy used for this study is illustrated schematically in Fig. 1 Top. A similar approach was used previously to investigate the association ofthe regulatory and catalytic subunits ofthe cAMP-dependent protein kinase (30) and the interaction of the (3 subunit of DNA polymerase with the primer (28) .
For quantitative application of fluorescence energy transfer analysis, it is necessary to label each protein stoichiometrically at unique sites while retaining the properties ofthe native proteins. Therefore, we established conditions that permitted the selective and stoichiometric labeling of unique cysteine residues in the DNA binding domains ofFos and Jun with iodoacetamide derivatives of fluorescein and rhodamine. Examples of proteins labeled with 5-iodoacetamidofluorescein, in the case of Fos (Fos-F), and rhodamine X iodoacetamide, in the case of Jun (Jun-R), are presented in Fig. 1 Middle. To determine the effect of labeling Fos and Jun at these sites on their dimerization activities, we compared DNA binding by labeled and unlabeled proteins using gelshift assays at high oligonucleotide concentrations. Since dimerization is a precondition for DNA binding, any change in dimerization efficiency within the range of protein concentrations examined would result in a change in the apparent DNA binding activity. As shown in Fig. 1 Bottom, the DNA binding activity of Fos-F/Jun-R heterodimers was not significantly different from that of the unlabeled proteins. Thus, the labeled proteins retain the dimerization properties of unmodified Fos and Jun.
We examined energy transfer between both Jun-F and Fos-R as well as that between Fos-F and Jun-R. Energy transfer was observed between both protein combinations. However, the increase in quantum yield of Jun-F both upon dimerization with unlabeled Fos and upon binding to the AP-1 site (20) interfered with quantitation of the efficiency of energy transfer between Jun-F and Fos-R. In contrast, neither dimerization with the unlabeled proteins nor DNA binding had any effect on the fluorescence of Fos-F (data not shown). Therefore, for the quantitative analysis of Fos-Jun interactions, we used resonance energy transfer between Fos-F and Jun-R.
Emission scans were recorded between 500 and 700 nm during excitation at 490 nm of Fos-F, Fos-F with Jun-R, and Fos-F, Jun-R, and an AP-1 site oligonucleotide ( Fig. 2A) . Fos-F generated a single emission peak at the fluorescein emission maximum of 530 nm, whereas Fos-F with Jun-R yielded a reduced peak at 530 nm and increased emission at the rhodamine emission maximum of 603 nm. This reduction in fluorescein emission and the corresponding increase in rhodamine emission upon Fos-F interaction with Jun-R were caused by resonance energy transfer.
The presence of the AP-1 binding site resulted in a further decrease in the donor fluorescein emission and a corresponding increase in the acceptor rhodamine emission (Fig. 2A) . This increase in the efficiency of energy transfer in the presence of the AP-1 site also occurred in the presence of a large excess of Jun-R. Therefore, the increase in energy transfer could not result from the formation of more Fos-Jun Biochemistry: Patel et specific DNA [poly(dI-dC) or an SP-1 oligonucleotide] had no effect on energy transfer. Energy transfer between mutated proteins lacking functional DNA binding domains was not enhanced by AP-1 oligonucleotides. Finally, energy transfer was not observed when Fos and Jun were labeled with fluorophores on C204 of Fos and C323 of Jun. Therefore, the fluorophores linked to C154 of Fos and C272 of Jun are fortuitously located to allow highly efficient and specific fluorescence energy transfer that is affected by DNA binding.
To calculate the distance between the fluorophores, we determined the efficiency of resonance energy transfer in the Fos-F/Jun-R heterodimer by extrapolation to the limit of infinite Jun-R to Fos-F ratio (Fig. 2B) . In three independent experiments, a consistent increase in the efficiency of energy transfer was observed in the presence of DNA (E = 64% and 75%, 68% and 77%, and 64% and 74% in the absence and presence of DNA, respectively). These efficiencies correspond to estimated distances between the fluorophores of 42 A in the absence and 39 A in the presence of DNA. These values represent average distances over the dynamic range of each complex population. However, because of the sixth order distance dependence, they are heavily weighted toward the shortest distance between the fluorophores within each population. The 39-A distance measured in the presence of DNA is consistent with the positions of the cysteines in Fos and Jun inferred from x-ray crystal structures for the GCN4-DNA complex (21, 22) as well as with models for the Fos-Jun-DNA complex structure derived from studies of DNA bending (23, 24) . Thus, Fos and Jun undergo a conformational transition upon binding to DNA that brings the fluorophores 3 A closer together.
Fluorescence energy transfer between Fos-F and Jun-R provides an assay for determination of the dimerization affinity in solution. Therefore, we examined the concentration dependence ofJun-R quenching of Fos-F fluorescence at several different Fos-F concentrations (Fig. 2B) . The binding affinity, measured as the dissociation constant for the Fos-F/Jun-R interaction, was calculated from four independent experiments to be 2.3 ± 0.9 x 10-8 M. This calculation is based on the assumption that all of the labeled molecules participate in dimerization and that formation of Jun homodimers does not significantly compete with Fos-Jun heterodimer formation in the range of concentrations employed. The results from the Scatchard analysis are consistent with both of these assumptions (Fig. 2C) . The dimerization affinity calculated from our experiments (2.3 x 10-8 M) was higher than that determined previously (1 x 10-7 M) using synthetic peptides in the scintillation proximity assay (31) . The synthetic peptides used in those experiments spanned only the region encompassing the five leucines in the leucine zipper (31) . However, the histidine residue located in phase with the leucines on the carboxyl-terminal side of the leucine zippers of Fos and Jun has been shown to be essential for efficient dimerization (32) . The higher dimerization affinity measured in our experiments is consistent with a role for amino acid residues outside of the heptad repeat of leucine residues in determining dimerization affinity. Alternatively, differences in experimental conditions between our studies and those reported previously (31) may have contributed to the difference in dimerization affinities measured.
Since fluorescence energy transfer analysis allows monitoring of real-time changes in fluorophore interactions, it can be used to analyze the kinetics of protein-protein and protein-DNA association, dissociation, and exchange. Therefore, we attempted to determine the rates of heterodimer formation, subunit exchange, and DNA binding using Fos-F and Jun-R. These rates were measured from the initial rates of change in both donor and acceptor fluorescence following sample mixing. The rate of heterodimer formation was fast, with a half-time of <10 s (Fig. 3A) . was even faster, with a half-time of <5 s (Fig. 3B) . The half-times of these reactions varied with the experimental conditions but were faster than 15 s under all conditions tested. These results indicate that the conformational transition that occurs upon Fos and Jun binding to the AP-1 site is a rapid event that may occur concomitant with DNA binding. This conformational transition may therefore contribute to the specific recognition of the AP-1 site. We have shown previously that many bZIP proteins can induce a change in the structure of the AP-1 site, which may contribute to its specific recognition (18) . This change in DNA structure may be coupled to a conformational transition in the proteins that bind to this site. Further studies of the interaction between Fos, Jun, and DNA will be necessary to elucidate the dynamics of this flexible protein-DNA complex.
To follow the rate of subunit exchange, the time dependence of the decrease in acceptor fluorescence following the addition of a 10-fold excess of unlabeled Fos was measured (Fig. 4A) . The rate of exchange in the absence of DNA was rapid, and the complex half-life was <10 s at 250C. However, in the presence of an excess of specific DNA only 15% of the complex exchanged over a period of 16 h. To confirm the results from energy transfer analysis, we also followed the exchange reaction using a gel-shift assay (Fig. 4B) 
